Silicon is reported to reduce the toxic effects of Al on root elongation but the in planta mechanism by 20 which this occurs remains unclear. Using seedlings of soybean (Glycine max) and sorghum (Sorghum 21 bicolor), we examined the effect of up to 2 mM Si on root elongation rate (RER) in Al-toxic nutrient 22 solutions. Synchrotron-based low energy X-ray fluorescence (LEXRF) was then used for the in situ 23 examination of the distribution of Al and Si within cross-sections cut from the apical tissues of 24 sorghum roots. The addition of Si potentially increased RER in Al-toxic solutions, with RER being 25 up to ca. 0.3 mm h -1 (14 %) higher for soybean and ca. 0.2 mm h -1 (17 %) higher for sorghum relative 26 to solutions without added Si. This improvement in RER could not be attributed to a change in Al-27 chemistry of the bulk nutrient solution, nor was it due to a change in the concentration of Al within 28 the apical (0-10 mm) root tissues. Using LEXRF to examine sorghum, it was demonstrated that in 29 roots exposed to both Al and Si, much of the Al was co-located with Si in the mucigel and outer 30 apoplast. These observations suggest that Si reduces the toxicity of Al in planta through formation of 31
a range of diseases caused by fungi and bacteria. It has been proposed that this increased resistance is 48 due to a physical effect, with Si forming a layer which impedes penetration by the pest (Broadley et 49 al., 2012) . Furthermore, Si has been shown to have a beneficial effect in enhancing resistance and 50 tolerance to various forms of abiotic stress, including salinity, drought, metal toxicity, and 51 temperature stress (Haynes, 2017) . It has also been reported that Si alleviates Al toxicity in a range of 52 Sangster, 1993) , and soybean (Glycine max) (Baylis et al., 1994) . Three 55 potential mechanisms have been suggested whereby Si has been observed to improve growth in Al-56 containing solutions (Cocker et al., 1998a) . Firstly, in some studies conducted in nutrient solutions, 57
Si (added as sodium metasilicate, for example) was added to solutions already containing Al, with 58 this addition of Si resulting in an increase in solution pH and the precipitation of Al-hydroxides (Li et 59 al., 1996) . Secondly, it is also possible that the bioavailability of Al can be reduced directly due to the 60 formation of aluminosilicate complexes within the nutrient solution itself (for example, progressive 61 precipitation of aluminosilicate species) (Barcelo et al., 1993) . Finally, some studies have shown that 62 the Si can detoxify Al in planta independent of any changes in Al chemistry within the bulk nutrient 63 solution (Cocker et al., 1998b) . It is this final (in planta) mechanism which is of interest in the 64 present study. However, there remains some uncertainty as to how Si alleviates Al toxicity. One 65 potential mechanism by which Si could alleviate Al toxicity is through the precipitation of The aim of the present study was to investigate the impact of Si on Al toxicity utilizing seedlings of 70 soybean and sorghum. The effect on Si on root elongation rate (RER) was quantified in Al-toxic 71 nutrient solutions, with changes in soluble (reactive) Al determined colorimetrically. We also used 72 synchrotron-based low energy X-ray fluorescence (LEXRF) to provide information on the cellular 73 and subcellular distribution of Al and Si in root tissues. Due to the ubiquitous nature of Si in soils 74 (Wolt, 1994) , gaining an understanding of how Si potentially alleviates Al toxicity is important given 75 that an estimated 30-40 % of all arable soils worldwide are acid. 76 77 2
Materials and methods 78
General experimental procedures 79
Seeds of soybean (cv. Bunya) and sorghum (cv. SF Flourish) were rolled in paper towel and 80 suspended vertically in tap water for either 3 d (soybean) or 2 d (sorghum). Perspex strips, each with 81 seven seedlings, were placed on top of glass beakers containing 650 mL of deionized water with 1 82 mM CaCl2 and 5 µM H3BO3. Throughout this experiment, we used simple nutrient solutions rather 83 than complete nutrient solutions, as for the examination of Al toxicity, the use of simple nutrient 84 solutions reduces the complexity and uncertainty of Al speciation (Kinraide et al., 1985; Kopittke and 85 Blamey, 2016). However, at a minimum, nutrient solutions must contain Ca and B given that root 86 elongation is inhibited rapidly in their absence due to their low phloem mobility (Kinraide et al., 87 1985; Goldbach et al., 2001) . After 18 h growth in these basal solutions, the seedlings in the Perspex 88 strips were photographed using a digital camera to allow for later measurement of root length before 89 being placed on new beakers containing the treatment solution (see below). The seedlings were 90 photographed after growth for a further 3, 6, 12, 24, 36, and 48 h, with root lengths measured 91 digitally using ImageJ v1.45s (available at: http://imagej.nih.gov/ij/). All plant-growth solutions were 92 continuously aerated. 93 94 Experiment 1 aimed to provide initial data on the effect of Si on Al toxicity across a range of Al and 95
Si concentrations and pH values. Given that deionized water may contain trace levels of Si as an 96 impurity [for example, see Rogalla and Romheld (2002) ], treatments to which Si were not added (i.e. 97 nominally 0 µM Si) are referred to as '-Si' hereafter. For soybean, 32 treatments were investigated, 98 with four Al concentrations (see below), four Si concentrations (-Si, 0.1, 1, and 2 mM), and two pH 99 values (4.5 and 5.0), each with three replicates. For sorghum, only a single pH value (4.5) was 100 examined (see Results section), with 16 treatments thereby consisting of four Al concentrations Page 5 (below) with four Si concentrations (-Si, 0.1, 1, and 2 mM), each with three replicates. In addition to 102 a Control (0 µM Al), the Al was supplied at concentrations sufficient to reduce RER by ca. 25, 50, 103 and 75 % over 48 h, being 0, 5, 10, and 30 µM Al for soybean and 0, 5, 10, and 25 µM Al for 104 sorghum. These Al concentrations had been determined from preliminary experiments. 105
Concentrations of Si higher than 2 mM were not investigated as they are not representative of typical 106 soil solutions (Menzies and Bell, 1988; Wolt, 1994) . To prepare the treatment solutions, sufficient 107
Na2O3Si.9H2O was dissolved in deionized water with 19 M HCl added to decrease to pH 5.4. For were grown in this basal solution for 24 h before being moved to new 20 L containers with the Al-142 containing treatments. The PCV method was used to measure inorganic monomeric Al 143 concentrations after 0, 24, and 48 h. After being exposed to the treatment solutions for 48 h, the 144 seedlings were rinsed in 1 mM CaCl2 before the apical tissues (0-10 mm) were excised, briefly 145 placed on filter paper to remove excess moisture, weighed to obtain fresh mass, and dried at 65 °C. (Figure 1A,B ). For roots of soybean grown at 192 pH 5.0, it was noted that Al was less toxic than at pH 4.5, even in the absence of Si ( Figure 1C Again, the addition of 2 mM Si was found to alleviate the toxic effects of Al, with RER being ca. 0.3 203 mm h -1 higher for soybean and ca. 0.2 mm h -1 higher for sorghum relative to values calculated from 204 the regression in Si-free solutions (Figure 2 ). Using sorghum as an example, it was observed that 205 RER in a solution with 25 µM Al and 2 mM Si (0.41 mm h -1 ) was comparable to that predicted for a 206 solution with 13 µM Al and without added Si (as calculated from the regression, see dotted line in 207 Figure 2B ). Similar results were also observed for soybean ( Figure 2A we also modelled the potential formation of aqueous AlH3SiO4 2+ using PhreeqcI (Table 1) , with the 217 magnitude of its formation predicted to be comparatively small. For example, for a solution 218 containing 30 µM Al and 2 mM Si, aqueous AlH3SiO4 2+ was predicted to have a concentration of 3.8 219 µM, with the predicted concentration of Al 3+ concomitantly reducing from 23 µM (-Si) to 21 µM (2 220 mM Si). However, it should be noted that there is considerable uncertainty regarding the equilibrium 221 constant for AlH3SiO4 2+ (Browne and Driscoll, 1992; Pokrovski et al., 1996) . 222 223
Effects of Si on concentrations of Al in root apical tissues 224
In the absence of Si, concentrations of Al in the apical root tissues (0-10 mm) increased with 225 increasing Al in the nutrient solution ( Figure 3 ). Although this was observed for both plant species, 226 tissue Al concentrations were ca. three-fold higher in soybean than in sorghum. Importantly, for the 227 Si-containing nutrient solutions, tissue Al concentrations were similar to those grown in the 228 corresponding Si-free nutrient solutions (Figure 3) . 229 230
In situ analyses of Al distribution in root apical tissues 231
To examine the cellular and subcellular distribution of Al and Si within the rhizodermis and outer 232 cortex of the apical root tissues (5 mm from the apex) of sorghum, we utilized synchrotron-based Page 9 LEXRF. In the absence of added Si, Al accumulated predominately in the cell walls ( Figure 4A,B) . 234
In the presence of 2 mM Si, Al was again observed to accumulate in the cell walls, but some of this 235
Al was co-located with high concentrations of Si ( Figure 4C-F) . These Al-Si complexes appeared to 236 form either within the mucigel or in the outer apoplast at the root-solution interface, being associated 237 both with the rhizodermis (Figure 4C,D) and with the border cells ( Figure 4E,F) . 238 239 Using the data from the LEXRF analyses, elemental correlation was examined to determine the 240 relationship between Al and Si (if any). Unsurprisingly, in the absence of added Si, there was no 241 relationship evident between Al and Si within the root tissues, with Si intensity being low for all 242 pixels ( Figure 5A ). In contrast, in the presence of 2 mM Si, it was apparent that there were three 243 different pixel 'populations', as shown in Figure 5B for example by the dashed ovals. For some 244 pixels, although Al intensity was high, Si intensity remained low (blue dashed oval in Figure 5B ). 245
Conversely, some pixels had a low Al intensity but a high Si intensity (black dashed oval in Figure  246 5B, but also see Figure 5C ). Finally, for some pixels, the intensity of both Al and Si was high, 247
indicating the co-localization of these elements (red dashed oval in Figure 5B , but also see Figure  248 5C). Importantly, this increase with Si with increasing Al (red dashed oval in Figure 5B Table 1 of Hodson and Evans (1995)]. In 284 addition, our finding that the Si-induced improvement is associated with the formation of Al-Si 285 compounds in the mucigel or within the outer apoplast at the root-solution interface are in general 286 agreement with those of Hodson and Sangster (1993) . These authors used electron microscopy to 287 examine roots of sorghum exposed to 100 µM Al and 2800 µM Si for 8 d and found Al-Si 288 compounds in the outer tangential wall (i.e. at the root-solution interface). The solution Al 289 concentration of 100 µM used by Hodson and Sangster (1993) however, is high relative to that 290 commonly found in solutions of acid soils (Kopittke and Blamey, 2016) and is also high relative to 291 that required to reduce RER in sorghum (Figure 2) . It is possible that Hodson and Sangster (1993) It is useful to consider why these Al-Si compounds formed within the mucigel or apoplast but not in 305 the bulk nutrient solution (which would have resulted in a decrease in the inorganic monomeric Al 306 concentration). Firstly, it is known that the mucigel is a highly negatively charged polysaccharide 307 (having the highest negative charge of any portion of the root) as is the cell wall (Oades, 1978; 308 Haynes, 1980) . Therefore, the observed binding of Al to the mucigel and cell wall (Figure 4 It was found that Al accumulated in the cell wall and mucigel, but that in roots also exposed to Si, 327 high concentrations of Al were observed to be co-located with Si in the mucigel and outer apoplast at 328 the root-solution interface. Thus, the present study has shown that Si can reduce the toxicity of Al in 329 planta through formation of Al-Si complexes, with this presumably decreasing the strong binding of 330
Al to the cell wall where it exerts its toxic effects. Given that Si is the second most abundant element 331 in the earth's crust, the findings of the present study have important implications for understanding Table 1 . Thermodynamic constants used to predict the formation of potential formation of soluble AlH3SiO4 2+ using PhreeqcI 3.1.7 (Parkhurst, 2014) . Values were taken from Pokrovski et al. (1996) and Nordstrom and May (1996) . 
